Nociceptive stimulation, at an intensity that elicits pain-related behavior, attenuates recovery of locomotor and bladder functions, and increases tissue loss after a contusion injury. These data imply that nociceptive input (e.g., from tissue damage) can enhance the loss of function after injury, and that potential clinical treatments, such as pretreatment with an analgesic, may protect the damaged system from further secondary injury. The current study examined this hypothesis and showed that a potential treatment (morphine) did not have a protective effect. In fact, morphine appeared to exacerbate the effects of nociceptive stimulation. Experiment 1 showed that after spinal cord injury 20 mg/kg of systemic morphine was necessary to induce strong antinociception and block behavioral reactivity to shock treatment, a dose that was much higher than that needed for sham controls. In Experiment 2, contused rats were given one of three doses of morphine (Vehicle, 10, 20 mg/kg) prior to exposure to uncontrollable electrical stimulation or restraint alone. Despite decreasing nociceptive reactivity, morphine did not attenuate the long-term consequences of shock. Rats treated with morphine and shock had higher mortality rates, and displayed allodynic responses to innocuous sensory stimuli three weeks later. Independent of shock, morphine per se undermined recovery of sensory function. Rats treated with morphine alone also had significantly larger lesions than those treated with saline. These results suggest that nociceptive stimulation affects recovery despite a blockade of pain-elicited behavior. The results are clinically important because they suggest that opiate treatment may adversely affect the recovery of function after injury.
Introduction
Activity in pain (nociceptive) fibers after a spinal injury can provide an uncontrollable source of over-excitation [1] [2] [3] , and can lead to maladaptive alterations within the central nervous system. This central excitability is derived not only from the spinal injury itself, but also from accompanying peripheral tissue damage. The significance of uncontrollable nociceptive stimulation after injury is two-fold: first, it can severely impact recovery of function [4] and secondly, it can sensitize spinal neurons leading to the development of neuropathic pain [5, 6] .
We have developed an animal model to empirically investigate the effects of uncontrollable nociceptive stimulation on recovery. Using electrical stimulation, we apply nociceptive input without inducing long-term peripheral tissue damage and its secondary consequences. Rats with a moderate contusion injury are exposed to uncontrollable stimulation, and their recovery of motor and sensory functions are monitored for 3-6 weeks [7] . Contused rats given uncontrollable stimulation showed poor recovery of locomotor function and reduced reactivity to thermal, tactile, and shock stimuli [4] . They also showed delayed recovery of bladder function, less weight gain, greater mortality, a higher incidence of spasticity, and increased tissue loss at the site of injury. Stimulation only had an adverse effect if (1) it occurred within a few days of injury, and (2) only if the stimulation was uncontrollable; subjects that received an equal amount of controllable shock (and exhibited greater movement) showed normal recovery. Grau et al. [4] concluded that uncontrollable nociceptive stimulation undermines recovery after a spinal injury.
Intermittent tailshock elicits a variety of behaviors in intact rats indicative of pain, including vocalization, struggling, escape 0166-4328/$ -see front matter © 2007 Elsevier B.V. All rights reserved. doi:10.1016/j.bbr. 2007 .02. 035 behaviors, and conditioned freezing [8, 9] . A moderate contusion injury greatly reduces these behaviors but does not eliminate shock-elicited movement or vocalization. We hypothesized that the aversive quality of shock was central to its long-term effects on recovery. If this is true, then administration of an opiate analgesic should reduce the consequences of shock treatment. Opiate analgesics are currently recommended as one of five first-line medications for the treatment of chronic pain [10, 11] and are given soon after a spinal injury for attenuation of pain symptoms [12] . In the present study, a single injection of morphine sulfate (Vehicle, 5, 10, or 20 mg/kg) was given to contused rats 30 min prior to exposure to uncontrollable electrical stimulation. Experiment 1 showed that, for contused rats, 10 mg/kg produced a robust antinociception on the tail-flick test but 20 mg/kg was needed to block a supraspinally-mediated measure (vocalization) of shock-elicited pain. Despite the total blockade of pain-elicited behavior, morphine treatment did not attenuate the long-term consequences of shock on recovery (Experiment 2). Rather, acute morphine had a detrimental effect and exacerbated the adverse effects of uncontrollable shock.
General methods

Subjects
Subjects were male Sprague-Dawley rats obtained from Harlan (Houston, TX). They were approximately 90-110 days old (350-400 g), and were individually housed in Plexiglas bins [45. 7 cm (length) × 23.5 cm (width) × 20.3 cm (height)] with food and water continuously available. To facilitate access to the food and water, extra bedding was added to the bins after surgery and long mouse sipper tubes were used so that the rats could reach the water without rearing. Subjects were weighed on days that they were assessed for locomotor function, and were checked daily for signs of autophagia and spasticity. A subject was classified as having spasticity if the limb was in an extended, fixed position and was resistant to movement. Bladders were manually expressed in the morning (8-9.30 a.m.) and evening (6-7.30 p.m.) until subjects regained bladder control, which was operationally defined as three consecutive days with an empty bladder at the time of expression. The rats were maintained on a 12 h light/dark cycle and tested during the last 6 h of the light cycle.
All of the experiments were reviewed and approved by the institutional animal care committee at Texas A&M and all NIH guidelines for the care and use of animal subjects were followed.
Surgery
Subjects received a contusion injury using the MASCIS device [13, 14] . Subjects were anesthetized with pentobarbital (50 mg/kg, i.p.). After a stable and comparable level of anesthesia was achieved, an area extending approximately 4.5 cm above and below the injury site was shaved and disinfected with iodine. A 7.0 cm incision was made over the spinal cord. Next, two incisions were made on either side of the vertebral column, extending about 3 cm rostral and caudal to the T12-T13 segment. The dorsal T12-T13 vertebrae were removed (laminectomy), and the spinal tissue exposed. The dura remained intact. The vertebral column was fixed within the MASCIS device and a moderate injury (see Fig. 5 ) was produced by allowing the 10 g impactor (outfitted with a 2.5 mm tip) to drop 12.5 mm. Sham subjects underwent the same surgical procedures except the weight drop was not performed. After injury, the subject was removed from the device, placed on a heating pad, and the wound was closed with Michel clips. To help prevent infection, subjects were treated with 100,000 units/kg Pfizerpen (penicillin G potassium) immediately after surgery and again 2 days later. For the first 24 h after surgery, rats were placed in a recovery room maintained at 26.6 • C. To compensate for fluid loss, subjects were given 2.5 ml of saline after surgery. Michel clips were removed 14 days after surgery.
Apparatus
Uncontrollable tail shock was applied while the subjects were restrained in opaque Plexiglas tubes [22 cm (length) × 6.8 cm (internal diameter)]. A sheet of Plexiglas formed a floor (5.5 cm wide, lying 5.3 cm from the top of the tube), on which the rats could lie. Constant current tailshock was generated with a 660-V transformer, in combination with a 2.03-M series resistor, and applied through cutaneous shock electrodes constructed from a modified fuse clip. The electrode plates were lightly coated with electrode paste (Harvard apparatus) and taped 15 cm from the base of the rat's tail with Orthaletic tape. Unshocked rats were held in the restraining tubes for 30 min with the electrodes taped to their tails, but no shock was applied.
Locomotor behavior was assessed, using the Basso, Beattie and Bresnahan (BBB) scale [15] , in an open enclosure (a blue children's wading pool, 99 cm diameter, 23 cm deep). Other measures of motor recovery, including beam and ladder walk performance, involved traversing black beams of varying widths (122.5 cm long and 17.5, 8.75, 4.375, or 1.875 cm wide) or a horizontal ladder (20 cm wide; 37 rungs at 2.5 cm spacing) to enter a black box.
Tactile reactivity was tested using Plexiglas tubes [7. 0 cm (internal diameter) × 20 cm (length)] that had 6 (length) × 1.7 (width) cm notches removed from the sides of the base. These slots allowed the hindlegs to hang freely below the tube. Reactivity was assessed using von Frey stimuli formed from nylon monofilaments (Semmes-Weinstein Anesthesiometer; Stoelting Co., Chicago, IL) and applied to the plantar surface of the paw.
Thermal reactivity was tested using a 375-W movie light that was focused onto the rat's tail with a condenser lens positioned 8 cm below the light source. Shock thresholds were assessed using a manual shocker (BRS/LVE, Model SG-903) that allowed continuous variation of shock intensity between 0 and 2 mA (AC, constant current). Test shocks were applied 7 cm from the base of the tail through electrodes constructed from lightweight fuse clips. Test shock intensity was gradually incremented at a rate of 0.05 mA every 3 s. For testing shock and thermal reactivity, the subject's tail was positioned in a 0.5 cm deep groove that was cut into an aluminum block. Plastic sides (6 cm × 6.7 cm) were placed along the sides of the aluminum block to hold the rat's tail under the heat. A wire hook that was 10 cm long and covered with heat shrink tubing was taped to the last 2.5 cm of the tail. The hook was placed over an elastic band located 11 cm behind the aluminum block. The flexibility of the elastic band allowed for a tail-flick response while maintaining the rat's tail under the heat source. A photocell, located in the groove of the aluminum block, was used to automatically detect whether the rat moved its tail laterally 0.5 cm. To activate the photocell in the absence of radiant heat (on the shock test trials), a small 28-V light (General Instrumental, 1820) was positioned 3.5 cm above the photocell. The latency to vocalize was assessed using a microphone located at the front end of the tube. The vocalization threshold was set to 80 dB. A computer (Apple, Macintosh 8500) monitored the circuit controlled by the photocell and the output intensity from the microphone. After both movement and vocalization responses were detected, the shock or heat was terminated. If a subject failed to respond, the test trial was automatically terminated after 8 s of heat exposure or after shock intensity reached 1.2 mA.
Assessment of motor/sensory recovery
Recovery of hindlimb stepping was assessed while subjects moved freely in an open field. Because rodents often remain motionless (freeze) when first introduced to a new apparatus, subjects were acclimated to the observation fields for 5 min per day for 3 days prior to surgery. Each subject was placed in the open field and observed for 4 min. During this period, locomotor behavior was scored using the procedure developed by Basso et al. [15] . Care was taken to ensure that the investigators' scoring behavior had high intra-and inter-observer reliability (all r's > 0.89) and that they were blind to the subject's experimental treatment.
Experiment 1
Forty-eight male Sprague-Dawley rats were subjects in this experiment. A 2 (sham versus contusion) × 4 (Vehicle, 5, 10, or 20 mg/kg of morphine) experimental design was used to examine sensory reactivity to nociceptive stimuli after treatment with systemic morphine. Tests were conducted 24 h after surgery. First, the baseline motor function was assessed using the BBB scale. The rats were then injected with an assigned dose of morphine sulfate (Sigma-Aldrich, St. Louis) and, 30 min later, were placed in the restraining tubes and nociceptive reactivity was assessed. Nociceptive reactivity was assessed with gradually incremented shock and radiant heat, as described in prior studies (e.g., [9, 16, 17] ). Briefly, subjects were placed in the restraining tubes, and the apparatus used to assess reactivity was attached to the tail. Next, subjects were allowed to acclimate to the apparatus for 15 min. Thermal and shock thresholds were then assessed at 2 min intervals, 2 times each, in an ABBA order. To confirm that subjects did not respond in the absence of the stimuli, blank trials were also performed. A 'false alarm' was recorded if subjects made a motor or vocalization response during the blank tests. The blank trials were performed 1 min before or after each sensory test (in counterbalanced fashion). No false alarms were recorded.
Finally, the rats were exposed to 1 min of intermittent tail shock (1.5 mA, 0.08 s duration, mean interstimulus interval of 2.0 s.) and their level of motor reactivity (Table 1 ) and the incidence of vocalization were recorded by an observer blind to the subject's surgery and drug treatment. The results were analyzed using factorial analyses of variance (ANOVAs). In cases where significant differences were obtained (main effect of a single variable), group means were compared using the Duncan's New Multiple Range Test (p < 0.05). Trend analyses were also used to identify dose-dependent changes in behavior.
Experiment 2
This experiment examined the long-term effects of nociceptive stimulation, and morphine treatment, on functional recovery. Subjects were 58 contused, male Sprague-Dawley rats. Twenty-four hours after contusion surgery, the baseline motor function of the rats was assessed using the BBB scale. Then the rats were injected with morphine sulfate (10 or 20 mg/kg, Sigma-Aldrich, St. Louis) or saline (i.p.). Thirty minutes later, subjects were placed in the restraining tubes and nociceptive reactivity was assessed three times using the tail-flick test. These tests occurred at 2 min intervals, and the last two tests were used to compute the mean tail-flick latencies.
Shock treatments
Next, the tail electrodes were secured with porous adhesive tape. Separate groups received nothing (0 s) or 30 min of uncontrollable, intermittent tailshock. The shocks were 1.5 mA, 0.08 s in duration, and occurred on a variable time schedule (range 0.2-3.8 s) with a mean interstimulus interval of 2.0 s. (Shock at an intensity of 1.5 mA [AC, constant current] is known to engage antinociceptive mechanisms within the spinal cord [18, 19] , vigorous defensive behavior in intact rats, and pain in humans (see [8, 9] ).) An experimenter blind to the subject's drug treatment recorded whether the shocked rats vocalized during the first minute of stimulation. All subjects remained in the restraining tubes for an equivalent period (30 min).
Assessment of long-term motor/sensory recovery
The first behavioral assessment of locomotor recovery (BBB scale) was conducted 24 h after surgery, and prior to drug or shock treatment. Locomotor behavior was then scored once per day for 1 week (Days 2-7). Subjects were scored every other day from Day 9 to Day 15 and every 3rd day on Days 18 and 21. A video recording of each subject's performance in the open field was obtained on Days 1, 2, 4, 7, and 21. Note that higher scores also include observation of each of the behaviors described for the preceding scores.
Additional measures of motor recovery were obtained using ladder walk [20] and beam walk [21] [22] [23] tasks. Prior to testing, subjects were habituated to the experimental situation for 3 days (8 min per day). During this period of familiarization, they were trained to traverse a wide beam (48.3 cm) to enter a black box positioned at the end of the beam runway. The beginning of the runway is brightly lit, so subjects are motivated to move toward the box. They were left in the box for 2 min after they had traversed the beam. In testing, the subjects were required to cross a horizontal ladder in order to reach the black box. Using post hoc frame-by-frame video analyses, we then ascertained how many times the subjects did not successfully place their hindpaws (their paws slipped between the rungs). Based on the number of slips, the rats were given scores for the left and right leg separately; they received a score of 11 if they made no slips, 10 if they made one, reducing incrementally to 1 if they made more than 10 slips and 0 if they did not plantar place. Rats could receive a maximum score of 22 on this task (e.g., 11 points possible for each hind leg). The ladder task provides a measure of the extent to which experimental manipulations affect the fine motor abilities of the hindpaws.
The beam walk test provides a comparative index of the postural stability of the subjects, as well as a gross measure of paw placement abilities. In this test, the subject's ability to traverse a series of progressively narrowing beams was observed. Rats are assigned points for the left and right limbs separately on each of the beams. For each leg, they received 1 point for successfully traversing a beam with plantar placement; 0.5 points for traversing more than half of a beam with plantar placing; 0 points for no hindpaw placement or traversing less than half of the beam. Rats could receive a maximum score of 8 on this task (e.g., 2 points possible on each of the 4 beams).
Sensory function was assessed on Day 1, prior to shock treatment, and after Day 21. Progressively stronger tactile stimuli (von Frey filaments) were applied sequentially at approximately 2 s intervals until subjects exhibited a paw withdrawal (motor response) and vocalization. If one or both responses were not observed, testing was terminated at a force of 300 g. Each subject was tested twice on each foot in a counterbalanced ABBA order. Test sequences were spaced 2 min apart. Stimulus intensity was reported using the formula provided by Semmes-Weinstein: intensity = log 10 (10,000 g force). On an alternate day (test order was counter-balanced across groups), we assessed sensory reactivity using nociceptive stimuli (a gradually incremented shock and radiant heat) and the procedures described for Experiment 1.
Histology
At the end of behavioral testing, subjects were deeply anesthetized (100 mg/kg of pentobarbital, i.p.) and perfused (intracardially) with 4% paraformaldehyde. A 1 cm long segment of the spinal cord that included the lesion center was taken and embedded in paraffin prior to sectioning. The tissue was sectioned coronally in 10 m thick sections and every 20th slice was preserved for staining. All sections were stained with cresyl violet for Nissl substance and luxol fast blue for myelin [24, 25] .
The total cross-sectional area of the cord and spared tissue was assessed at the lesion center from camera lucida traces made by an experimenter who was blind to the subject's treatment condition. Sections ±600, 1200, and 1800 m from the lesion center (rostral and caudal) were also traced and analyzed. Four indices of lesion magnitude were derived: damage area, area of residual gray matter, area of residual white matter, and width. For derivation of damage area, and the spared gray/white matter, the camera lucida drawings were scanned onto a Macintosh computer and imported into CANVAS 8 (Deneba systems Inc.). To determine the area of damage, an observer who was blind to the experimental treatments traced around the boundaries of cystic formations and areas of dense gliosis [26] . Nissl-stained areas that contained neurons and glia of approximately normal densities denoted residual gray matter. White matter was judged spared in myelin-stained areas lacking dense gliosis and swollen fibers. The total area of each cross-section was derived by summing the areas of damage, gray and white matter. Width was determined from the most lateral points along the transverse plane. These analyses yielded six parameters for each section: white matter area, gray matter area, spared tissue (white + gray), damaged tissue area, net area (white + gray + damage), and section width.
To control for variability in section area across subjects, two methods for computing the magnitude of the relative spinal lesion have traditionally been used. One method calculates the percent lesion from the ratio of lesioned tissue to net area [27] . The alternative procedure uses standards derived from undamaged cord sections [28] . These transformations can lead to some interpretational difficulties when an experimental manipulation affects section size (width or net area). Because preliminary analyses revealed that shock treatment affected section size it would be inappropriate to compare transformed data across shock treatments. However, within a shock condition neither the width nor the net area of the cords differed as a function of dose ([width, F (1, 21) = 1.60, <1.0 respectively, p > 0.05] [area, F (2, 21) < 1.0 in both cases, p > 0.05]). Given this we were able to control for individual variability within a shock condition by calculating a correction factor derived from standard undamaged cord sections. This correction factor is based on section widths and is multiplied by all area measurements to standardize area across analyses (see [4] ). By standardizing area across sections we can also estimate the degree to which tissue is 'missing' (i.e., tissue loss from atrophy, necrosis, or apoptosis). An accurate assessment of the degree to which a treatment has impacted, or lesioned, the cord includes both the remaining 'damaged' tissue as well as resolved lesioned areas. When we sum the amount of 'missing' tissue and the measured 'damaged' area we can derive an index of the relative lesion in each section that is comparable across sections. This measure is highly correlated with various measures of behavioral performance including BBB locomotor scores, recovery of bladder function, and reactivity to shock [4] .
Data analyses
The results were analyzed using analysis of variance (ANOVA). In experiments with a continuous independent variable (e.g., exposure duration, recovery period, rostral-caudal histological sections), mixed-design ANOVAs were used. Trend analyses were also used to identify dose-dependent changes in behavior. In cases where significant between-subject differences were obtained (main effect of a single variable), group means were compared using the Duncan's New Multiple Range Test (p < 0.05).
Locomotor scores were transformed to help assure that the data were amendable to parametric analyses [29] . This transformation pools BBB scores 2-4, removing a discontinuity in the scale. The transformation also pools scores from a region of the scale (14-21) that is very seldom used under the present injury parameters. By pooling these scores, we obtain an ordered scale that is relatively continuous with units that have approximately equivalent interval durations. Meeting these criteria allows us to apply metric operations (computation of mean performance across legs), improves the justification for parametric statistical analyses, and increases statistical power.
Additional statistical power was also achieved by obtaining a measure of locomotor performance 24 h after injury, prior to shock treatment. This provides a behavioral index of the injury extent that is correlated with long-term recovery (r > 0.41, p < 0.05, [7] ). By using Day 1 as a covariate in an analysis of covariance (ANCOVA), we substantially reduced unexplained variance and thereby increased statistical power.
Group differences on dichotomous variables (e.g., mortality) were evaluated using chi-square or Fisher exact probability tests. These tests allow for comparisons of simple (2 × 2) frequency tables with relatively small samples. Nonparametric Kruskal-Wallis and post hoc Mann-Whitney U tests were used to compare motor reactivity scores in Experiment 1.
Results
Experiment 1
As expected, the contusion injury produced a paraplegia that severely disrupted locomotor function relative to the sham controls (contused BBB score = 3.50 ± 0.45, sham BBB score = 18.48 ± 0.39). An ANOVA verified that there was a sig- Fig. 1 . Despite differences in locomotor abilities, there was no effect of surgery on motor reactivity to a noxious thermal stimulus (A). Independent of dose or surgery condition, morphine significantly increased motor reactivity thresholds when exposed to radiant heat. Morphine also increased vocal reactivity thresholds when rats were exposed to incremented shock stimuli (B). A quadratic relation was found between dose and vocal reactivity for both sham and contused rats. Contused rats required 20 mg/kg of morphine, however, to achieve levels of antinociception comparable to sham controls treated with 10 mg/kg of morphine. Similarly, there was a significant effect of dose on motor (C) and vocal (D) reactivity to uncontrollable electrical stimulation, with contused rats requiring higher doses of morphine to achieve levels of antinociception comparable to sham controls. ** indicates a significant difference (p ≤ 0.05) between groups connected with lines. nificant effect of injury (F (1, 40) = 6.26, p = 0.0001) and that there were no differences across groups prior to drug treatment.
The contusion injury did not alter morphine effectiveness on the spinally-mediated tail-flick test (Fig. 1A) . There was a main effect of dose on the tail flick response to heat (F (3, 40) = 6.26, p = 0.0001), but no interaction between surgery and dose. All doses significantly attenuated the tail flick response in both sham and contused rats. It is acknowledged, however, that a ceiling effect may be masking interaction effects in these data: the thermal cut-off latency of 8 s was reached by all groups treated with morphine. This cut-off was employed to avoid tissue damage, which could impact the recovery process.
Given that the contusion injury also disrupts sensory function, we anticipated that less morphine would be needed to block brain mediated responses to nociceptive stimuli applied below the injury. However, the opposite trend was observed. Morphine treatment generally increased vocalization thresholds to electrical stimulation (F (3, 40) = 11.35, p = 0.0001, Fig. 1B ). All three morphine doses significantly attenuated responses compared with vehicle controls. Subjects treated with 20 mg/kg of morphine also displayed significantly higher vocalization thresholds than those treated with 5 mg/kg (p < 0.05). Trend analyses revealed a significant quadratic relation between dose and surgery on shock thresholds required to elicit vocalization (F (1, 40) = 4.13, p < 0.05). Contused rats required significantly more morphine to achieve levels of antinociception comparable to sham controls when vocalization thresholds to incremented shock were assessed. Neither morphine nor surgery had a systematic effect on motor reactivity to a gradually incremented shock or vocalization to thermal stimulation (data not shown).
Motor reactivity to intermittent electrical stimulation was assessed using the scale outlined in Table 1 . The reliability of this was confirmed by independent observers who were blind to the subjects' drug treatment. A nonparametric Kruskal-Wallis test revealed a significant main effect of condition (dose × surgery) on motor reactivity (Kruskal-Wallis = 34.44, p < 0.0001, Fig. 1C ). Post hoc Mann-Whitney U tests revealed that, compared with vehicle controls, all doses of morphine significantly lowered motor reactivity in the sham groups (p < 0.05). In the contused groups, only the 10 and 20 mg/kg doses significantly lowered reactivity compared to vehicle controls (p < 0.05). As can be seen in Fig. 1C , for both surgery groups motor reactivity progressively decreased with increasing doses of morphine, but the contused rats showed a slower decline than sham controls. An observer also recorded whether subjects exhibited an audible vocalization during the period of intermittent stimulation. Again, there was perfect agreement across observers who were unaware of the subjects' drug treatment. As can be seen in Fig. 1D , contused rats required 20 mg/kg of morphine to reduce supraspinallymediated vocalization to intermittent electrical stimulation to a level comparable to sham controls treated with 10 mg/kg of morphine. There was a significant effect of dose on vocal reactivity (χ 2 = 30.97, p < 0.0001, d.f. = 3; Fig. 1D ). Fisher's Exact tests corrected for multiple comparisons (Bonferonni correction, p = 0.008) revealed significant differences between groups of sham rats treated with saline and those treated with 10 or 20 mg/kg of morphine (Fisher's Exact, p = 0.001). For contused groups, subjects treated with saline differed significantly from the 20 mg/kg group only (Fisher's Exact, p = 0.001).
Experiment 2 3.2.1. Baseline assessments of motor and sensory function
To verify the effectiveness of drug treatment, both a spinal (tail withdrawal from a noxious thermal stimulus) and supraspinal (vocalization to shock) measure of nociceptive reactivity was recorded. Again, morphine inhibited tail withdrawal from a thermal stimulus (F (2, 42) = 12.46, p = 0.001) prior to exposure to uncontrollable nociceptive stimulation. Both 10 and 20 mg/kg of morphine reduced reactivity when compared to saline controls (p < 0.05; Fig. 2A ). During nociceptive stimulation rats treated with 20 mg/kg of morphine were significantly less likely to vocalize to uncontrollable shock, when compared to those treated with 10 mg/kg of morphine or saline (χ 2 = 8.06, p < 0.05, d.f. = 2; Fig. 2B ).
Recovery of motor function
Baseline BBB scores, collected before treatment on Day 1, did not differ across groups (F (1, 42) < 1.0, p > 0.05). Using Day Fig. 2 . Nociceptive reactivity was assessed on Day 1 after administration of morphine. Both doses of morphine significantly attenuated reactivity on the tail-flick test to radiant heat (A), increasing the latency to move the tail. During uncontrollable, intermittent shock treatment, rats given an injection of 20 mg/kg of morphine were also significantly less likely to vocalize (B), which is indicative of a reduction in the pain experience. 1 scores as a covariate, there was a significant effect of shock on the recovery of locomotor function (F (11, 451) = 9.00, p < 0.001, Fig. 3 ). Shock attenuated the overall recovery of locomotor function (p < 0.05). There was no overall effect of morphine on locomotor recovery in the shocked or unshocked groups. However, as can be seen in Fig. 3 (see inset) , morphine did affect locomotor performance 24-48 h after treatment (Days 2-3). Comparing unshocked rats only, both doses of morphine caused a short-term dip in recovery, relative to saline controls, on Days 2 and 3 (F = 5.19 and 7.00, for 10 and 20 mg/kg, respectively, p < 0.05).
There was a significant main effect of shock on the beam and ladder tasks conducted 3 weeks after morphine and/or shock treatment (F (1, 41) = 52.63, p < 0.001, F (1, 40) = 21.96, p < 0.001, for beam and ladder respectively). Shock decreased performance on both of these tasks (p < 0.05). Shocked animals were unable to traverse the narrower beams (Fig. 4A) and displayed more footfalls (Fig. 4B) . Morphine treatment did not significantly affect performance on the beam and ladder tasks.
Recovery of sensory functions
Independent of shock treatment, morphine-treated rats exhibited a tactile allodynia (enhanced limb withdrawal) 3 weeks after drug treatment (Fig. 4C ). There was a significant main effect of morphine treatment on the motor response to von Frey stimulation (F (2, 42) = 3.65, p < 0.05). Rats treated with 20 mg/kg of morphine displayed significantly lower mechanical thresholds than those treated with 10 mg/kg morphine and saline respectively (p < 0.05). Rats treated with 10 mg/kg and saline did not differ on this measure.
Limb withdrawal from mechanical stimulation can be elicited after spinal transection, suggesting that the change in tactile reactivity reported above could involve an intraspinal modification related to the sensitization of spinal neurons [30] [31] [32] . Vocalization to shock provides a supraspinal measure of sensory function and it revealed a different pattern of results; both prior shock and morphine treatment increased vocalization thresholds, suggesting both treatments increased the loss of sensory fibers. There was a significant Morphine × Shock interaction when latencies to vocalize were compared (F (2, 42) = 4.25, p < 0.05). As can be seen in Fig. 4D , shock treatment significantly increased vocalization thresholds in the vehicle treated (0 mg/kg) group (F = 9.79, p < 0.005), with morphine decreasing thresholds in these groups. Inspection of the data from the unshocked rats revealed that morphine treatment increased vocalization thresholds (F = 4.94, p < 0.05). Other measures of sensory recovery did not reveal any significant difference (all F's < 3.02, p > 0.05).
Other behavioral indices of recovery
As shown in Fig. 4E , shocked rats treated with 20 mg/kg of morphine were significantly more likely to die than those in any other condition (χ 2 = 18.75, p < 0.005, d.f. = 5). Eight of the 16 subjects allocated to this condition died during the recovery period. Two rats treated with 10 mg/kg of morphine and shock died. Rats died an average of 4.6 days after morphine treatment, long after the drug was pharmacologically active. Opiate overdose from factors such as respiratory depression generally occurs during the period of drug action within 30-120 min after injection. None of the morphine treated rats died during this period. Drug-related mortality did not emerge until a few hours after treatment, well after the behavioral signs of opiate administration had waned. Five of the 10 rats died within a day of treatment, while the remaining 5 died 6-11 days after treatment. There was no mortality in the saline-treated or unshocked conditions. (To achieve a balanced design, additional subjects were folded into the experimental groups when a subject died. To assess whether this affected the results obtained for locomotor recovery, we examined whether the pattern of results changed when we excluded the added subjects. An ANCOVA verified that there was no change in the overall pattern of results.) Both shock (F (11, 451) = 3.70, p < 0.001) and morphine (F (22, 451) = 1.69, p < 0.05) treatment significantly reduced weight gain after injury (Fig. 4F) . There was also a significant main effect of shock on bladder function (F (1, 42) = 5.25, p < 0.05). Unshocked rats recovered bladder function between 12 and 16 days post-surgery (mean = 12.5 ± 2.45), whereas shocked rats showed recovery 15-20 days after surgery (mean = 17.5 ± 1.5). Morphine did not affect the recovery of bladder function. None of the rats developed spasticity, and the incidence of autophagia was not affected by shock or morphine.
Histological analyses 3.2.5.1. Lesion center.
At the lesion center, there was a significant main effect of shock on the absolute area (F (1, 42) = 4.82, p < 0.05, Fig. 5A ) of the sections (Fig. 6) . The main effect of shock on the width of sections also approached significance (F (1, 42) = 3.88, p = 0.06). Further, as found previously, shock significantly affected the total tissue remaining at the lesion center (F (1, 42) = 10.74, p < 0.005), an effect attributable to a loss of Fig. 4 . Performances on the beam (A) and ladder (B) walk tasks were assessed approximately 25 days after injury. Shock significantly reduced performances on both tasks. Morphine (20 mg/kg) also lowered tactile withdrawal thresholds 21 days after treatment (C), indicating that these rats had developed allodynia. Conversely, shock and morphine, independently, increased vocalization thresholds to shock suggesting that both treatments had a detrimental effect on sensory function (D). Finally, morphine treated shocked rats exhibited increased mortality (E). Both shock and morphine treatment also reduced weight gain after injury (F). ** indicates a significant difference (p ≤ 0.05) between groups connected with lines. Note that main effects are not depicted on the graphs. white matter (F (1, 42) = 11.36, p = 0.001; Fig. 5C ). These data confirm the results of our previous studies [4] .
To further examine the effects of morphine, we analyzed the data for the shocked and unshocked groups independently. By removing shock as a variable in these analyses, we were able to determine whether morphine has histological effects that do not depend on shock treatment. Because within a shocked/unshocked condition neither width nor area varied as a function of drug treatment, a correction factor could be applied to control for individual variability (see Section 2). Analyses, controlling for individual variability, revealed a number of effects of morphine treatment in the unshocked controls. Comparison of the unshocked groups (Fig. 7) revealed a significant effect of morphine on the amount of white matter remaining at the lesion center. A linear contrast confirmed morphine treatment led to greater white matter loss (F = 5.67, p < 0.05; Fig. 7C . Also see Fig. 6 ) and a larger relative lesion (F = 5.05, p < 0.05; Fig. 7A ). Significantly more tissue was denoted as 'missing' in the morphine treated, unshocked rats (F = 4.32, p = 0.05; Fig. 7B ). Analyses of the shocked groups did not reveal any morphine-related, additional, damage at the lesion center.
Rostral-caudal comparisons.
A repeated measures ANOVA across the rostral-caudal extent of the lesion revealed a significant effect of shock on the absolute area (F (1, 38) = 6.33, p < 0.05; Fig. 8A ) and the width (F (1, 38) = 4.50, p < 0.05) of the spinal cord sections. Shock increased the volume of damage (F (1, 38) = 11.75, p < 0.005; Fig. 8B) , with significantly less white (F (1, 38) = 7.16, p < 0.05; Fig. 8C ) and gray matter (F (1, 38) = 11.31, p < 0.005; Fig. 8D ) remaining across the rostralcaudal extent of the lesion.
Analyzing the rostral-caudal extent of the lesion in shocked and unshocked subjects separately (corrected for individual variability) yielded similar trends to those found for the analyses at the lesion center. The only exception was a significant linear contrast for the volume of damage in the shocked subjects (F = 5.12, p < 0.05). Morphine dose-dependently increased damage caudal to the injury in shocked subjects (Fig. 9) . Fig. 6 . Shock significantly decreased the amount of total tissue remaining at the lesion center. Morphine also, independently of shock, reduced the amount of total tissue remaining at the lesion center. In unshocked subjects, both 10 and 20 mg/kg doses of morphine produced a larger relative lesion and significantly decreased the amount of white tissue remaining for measurement. 
Discussion
The present study was designed to test whether suppression of nociceptive responses with morphine would protect the injured spinal cord against the adverse effects of uncontrollable electrical stimulation. It did not. In fact, morphine appeared to undermine sensory recovery and led to greater histological damage following the contusion. In addition, Experiment 1 showed that contused rats required more morphine to achieve levels of antinociception comparable to sham controls. Only the 20 mg/kg dose abolished segmental and supraspinal reactivity to intermittent electrical stimulation in contused rats, whereas 10 mg/kg morphine produced antinociception in the sham controls. This finding is counter-intuitive because, if anything, the contusion injury itself should decrease supraspinal reactivity, an effect we expected would combine in an additive fashion with morphine treatment. Yet, the opposite was observed. The significance of this finding is two-fold. First, from a clinical perspective it suggests that injured spinal patients would need significantly larger doses of morphine to attenuate pain, doses that could adversely affect recovery. Secondly, it provides further insight into the mechanisms underlying the effects of morphine. Inflammation, which is inherent to a contusion injury, and the development of central sensitization may change the efficacy and molecular actions of morphine.
As found by Grau et al. [4] , uncontrollable shock undermined recovery across a range of measures. Shocked rats displayed decreased locomotor recovery, less weight gain, and delayed recovery of bladder function. Even three weeks after exposure to uncontrollable stimulation, contused rats displayed attenuated performances on beam and ladder tests, underscoring the critical impact of the afferent barrage on axial musculature and fine motor control. Shock also affected the amount of spinal tissue remaining after the injury, producing a significant decrease in the amount of white matter at the lesion center and increasing the amount of damage across the rostral-caudal extent of the lesion. Shock significantly reduced the amount of gray matter remaining rostral and caudal to the center of the lesion.
Rather than attenuating the detrimental effects of shock, morphine exacerbated some of these effects. Rats treated with morphine and shock were significantly more likely to die than saline-treated rats. While none of the saline-treated rats died during the 3-week recovery period, nearly half of the rats that received the highest dose of morphine and shock died. Of the rats that died, 50% died in the first 24 h while the remaining 50% died approximately one week after treatment. The cause of these deaths is unclear but, given the timing of mortality, it seems unlikely to be due to the direct effects (e.g., respiratory distress) of morphine per se. Subjects tended to die long after (mean = 4.6 days) the drug was pharmacologically active. Shocked rats treated with morphine also displayed tactile allodynia and hyperalgesic responses to shock. The combined effects of electrical stimulation and morphine appear to have sensitized neurons that contribute to spinally mediated reflexes. Increased reactivity to painful, and previously innocuous, stimuli is a significant clinical outcome that could contribute to neuropathic pain symptoms in spinally injured patients.
Our results suggest that the adverse effect uncontrollable stimulation has on recovery develops independent of its ability to engage nociceptive behavior. Morphine dramatically reduced pain-elicited behavior, as measured using both a spinal reflex (tail-withdrawal from radiant heat) and a brain-mediated response (vocalization) to shock. Yet, morphine did not reduce the long-term adverse effects of shock treatment on recovery. Moreover, the adverse effects shock has on recovery are not due to shock-elicited movements; morphine eliminated behavioral reactivity to shock, but this did not restore recovery. Clearly, uncontrollable electrical stimulation can affect recovery independent of its capacity to engage pain-elicited behavior.
Afferent input derived from electrical stimulation may be mediated, in part, by the morphine-insensitive A␤-fibers. Indeed, the tactile allodynia observed suggests that A␤-fiberrelated neural networks have been significantly altered. Tactile allodynia, an index of neuropathic pain and central sensitization, depends on large diameter A␤-fibers, and is not susceptible to modulation by spinal opioids [33, 34] . This does not explain, however, the deficits induced by morphine alone, independent of shock exposure. For example, subjects previously treated with morphine had significantly more lesioned tissue than those treated with saline. Clearly, another process is being engaged in the injured system.
Inflammatory processes characteristic of the acute stage of injury are likely to alter the actions of morphine. Proinflammatory cytokines, including interleukin-1␤ (IL-1␤), interleukin-6 (IL-6), and tumor necrosis factor-␣ (TNF-␣), are significantly upregulated 1, 3, and 6 h after a contusion injury, returning to background levels 1-2 days after injury [35, 36] . Morphine appears to further increase pro-inflammatory cytokine levels by activating -receptors on spinal glial cells [37] [38] [39] [40] . An increased concentration of pro-inflammatory cytokines may be significant at two levels. First pro-inflammatory cytokines appear to block the analgesic effects of opioids [41, 42] , which may explain the decreased efficacy of morphine in Experiment 1. Second, pro-inflammatory cytokines have been linked to cytotoxic effects in the nervous system [43] [44] [45] . Yang et al. [36] suggest that there is a critical balance between beneficial and toxic effects that depends on cytokine concentrations.
The increased lesion size observed in morphine treated subjects may also result from NMDA-mediated excitoxicity in the compromised neural environment. Chronic opioid treatment reduces glial glutamate transporter expression [46] , which may lead to sustained increases in synaptic excitatory amino acids. Increased synaptic excitatory amino acids, such as glutamate, would potentiate the NMDA receptor. Further, it has been suggested that large doses of systemic morphine may potentiate excitotoxic cell death through a kappa-opiate mediated cascade [47] [48] [49] [50] [51] potentiating NMDA receptor function and enhancing neurotransmitter release in the spinal cord [46, 52, 53] . Interactions between opioid exposure and sensitization of primary afferent nociceptive neurons (i.e., by tissue injury or inflammation) have been previously reported (for review see [54, 55] ). Generally, the development of hyperalgesia resulting from injury undermines the antinociceptive effectiveness of opioids [56] [57] [58] . The current study suggests that the administration of opiates may also promote the development of allodynia in the injured system. Binding of morphine to the -receptor on the postsynaptic membrane is thought to initiate G-protein mediated protein kinase C (PKC) translocation and activation, promoting the removal of the NMDA receptor Mg 2+ plug [59] . With this blockade removed even a small amount of excitatory amino acid release from the presynaptic cell allows Ca 2+ influx. Potentiation of the NMDA receptor could promote the development of hyperalgesia/allodynia in the neural system, and could lead to excitotoxic cell death [46] . From a clinical perspective, these results suggest that analgesia induced with morphine may enhance vulnerability to the development of neuropathic pain and to excitotoxic cell death in a compromised (injured) system.
Similarly disturbing are the results indicating that, independent of shock treatment, morphine inhibited some measures of motor and sensory recovery and further undermined the physiological integrity of the cord. Morphine treatment produced a short-term dip in motor recovery (Days 2-3). Kakinohana et al. [60] found that morphine (30 g) potentiates transient motor dysfunction following a noninjurious interval of spinal ischemia. In the current study, morphine also impaired supraspinal responses to gradually incremented shock stimuli 3 weeks later. This finding suggests that morphine treatment further undermined communication between the brain and spinal cord. As noted previously, unshocked rats treated with morphine had a significantly larger relative lesion at the maximal point of impact, a result attributable to 'missing' white matter. Therefore, at a physiological level, the connection between the brain and spinal cord was further disrupted by morphine. Finally, morphine-treated rats gained less weight, which is suggestive of a reduction in general health.
These results are alarming given the widespread use of morphine for the clinical treatment of pain after a spinal cord injury [61, 62] . If one injection of morphine can affect recovery, the potential consequences of long-term treatment could be substantial. Current recommendations suggest that clinicians should monitor the effects of morphine on pain and function [10] , modifying treatment if there is reduction of pain without improvement in function. The problem with this is that the assessment period may last 4-6 weeks, and during this period morphine could profoundly affect the plasticity of the spinal system. Also, while humans should not be prescribed a dose of 20 mg/kg of morphine, self-administration and abuse of morphine is not uncommon. While a high dose of morphine alone did not affect mortality, spinal injuries are often accompanied by tissue damage and inflammation (both sources of uncontrollable nociceptive stimulation that affect the plasticity of the neural system, [63] ), which may interact with opiate treatment. Given these observations, it is critical that we understand the potential outcomes of combining nociceptive stimulation and morphine in this trauma model. To our knowledge, there have been no clinical trials of morphine and its interaction with recovery of function after a spinal injury. In fact, there have been no empirical studies on the effects of any analgesics on the recovery of function after a spinal injury.
In conclusion, the results of the present study suggest that the negative consequences of electrical stimulation on recovery [4] arise independent of the aversive psychological impact of these stimuli. Systemic morphine administration significantly reduced nociceptive reactivity, but it did not block the devastating effects of uncontrollable stimulation. Morphine also appeared to have an adverse effect on long-term recovery. This was especially alarming given that the injury appeared to reduce morphine effectiveness, which could lead to injured patients self-administering (or requesting) higher doses to alleviate pain. Perhaps as a result of shared cellular mechanisms mediating the effects of uncontrollable stimulation and morphine [46] , morphine further undermines functional and physiological recovery in a contusion model.
